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We have investigated beating patterns in Shubnikov-de Haas oscillations for
HgTe/Hg0.3Cd0.7Te(001) quantum wells with electron densities of 2 to 3 × 10
12 cm−2. Up
to 12 beating nodes have been observed at magnetic fields between 0.9 and 6 T. Zero magnetic field
spin-orbit splitting energies up to 30 meV have been directly determined from the node positions
as well as from the intersection of self-consistently calculated Landau levels. These values, which
exceed the thermal broadening of Landau levels, kBT , at room temperature, are in good agreement
with Rashba spin-orbit splitting energies calculated by means of an 8 × 8k · p Kane model. The
experimental Shubnikov-de Haas oscillations are also in good agreement with numerical simulations
based on this model.
PACS numbers: 71.70.Ej, 73.21.-b, 72.20.My
I. INTRODUCTION
In general, level splitting due to structure inversion
asymmetry, SIA, known as Rashba s-o splitting1,2 is in-
versely proportional to the energy gap. s-o coupling is
zero for s-like conduction bands and strong in p-like hole
states. However, mixing of the conduction subbands with
the valence subbands increases with decreasing energy
gap. It has been shown that electrons in narrow gap
heterostructures based on HgTe3, exhibit strong Rashba
s-o coupling. In addition to the small energy gap in
HgTe quantum wells, QW’s, another important factor
contributing to the large magnitude of the Rashba s-o
coupling is the inverted band structure of HgTe QW’s
with well widths greater than 6 nm, in which the first
conduction band has heavy hole character.3,4
For possible applications in spintronics,5 the Rashba
effect has recently been investigated in a number of nar-
row gap III-V systems6,7,8,9 in which typical values of
the Rashba s-o splitting energy, ∆R, are 3 to 5 meV.
∆R is appreciably larger in II-VI HgTe QW’s, and val-
ues of 10 to 17 meV have been determined.3,10,11 Zhang
et al.
3 demonstrated that the Rashba s-o interaction is
the dominant mechanism in such structures; they stud-
ied the strong dependence of s-o splitting on gate voltage
and its subsequent disappearance when the QWwas sym-
metric as expected for the Rashba effect. Compared to
the observation of a series of nodes in Shubnikov-de Haas,
SdH, oscillations for an In1−xGaxAs heterostructure
12 at
B < 1 T, similar beating patterns are observable at
higher magnetic fields in HgTe heterostructures3 due to
its larger Rashba effect.
In this article, we report on an investigation of beating
patterns in the SdH oscillations in high quality n type
HgTe/Hg0.3Cd0.7Te QW’s. Up to 12 nodes have been
observed in the beating pattern within a magnetic field
range of 0.9 T < B <6 T. A s-o splitting of ∼ 30 meV
due to the Rashba effect has been directly deduced from
the node positions. This value is in good agreement with
self-consistent Hartree calculations. The observed SdH
oscillations and beating patterns are also in good agree-
ment with the density of states, DOS, obtained from self-
consistent k · p calculations.
II. EXPERIMENTAL DETAILS
Fully strained n type HgTe/Hg0.3Cd0.7Te(001) QW’s
were grown by molecular beam epitaxy, MBE, on
Cd0.96Zn0.04Te(001) substrates in a Riber 2300 MBE
system. Details of the growth has been reported
elsewhere.3,13 Samples A and B are from the same chip,
Q1772, which was modulation doped asymmetrically in
the top barrier of the HgTe QW structure using CdI2 as
a doping material. The HgTe well width is 12.5 nm and
the Hg0.3Cd0.7Te barriers consist of a 5.5 nm thick spacer
and a 9 nm thick doped layer. With a well width of 12.5
nm, the first conduction band in the QW has heavy hole
character, i.e., is a pure heavy hole state at k = 0, and
following standard nomenclature is labeled H1.
Standard Hall bars were fabricated by wet chemical
etching. A 200 nm thick Al2O3 film was deposited on
top of the structure, which serves as an insulating layer.
Finally Al was evaporated to form a metallic gate elec-
trode on sample B. A metallic gate was not fabricated
on sample A, which accounts for the different two di-
mensional electron gas, 2DEG, concentrations in these
two samples. Ohmic indium contacts to the Hall bars
were formed by thermal bonding.
Magneto-transport measurements were carried out in
several different cryostats using dc techniques with cur-
rents of 1 to 5 µA in magnetic fields ranging up to 15 T
and temperature from 1.4 to 35 K. During the measure-
ment, the applied electric field was kept low enough to
avoid excessive electron heating.14
2TABLE I: Band structure parameters employed in the
calculations for HgTe and CdTe at T=0 K in the 8 ×
8k · p Kane model
Eg ∆ Ep F γ1 γ2 γ3 κ ǫ
eV eV eV
HgTe -0.303 1.08 18.8 0 4.1 0.5 1.3 -0.4 21
CdTe 1.606 0.91 18.8 -0.09 1.47 -0.28 0.03 -1.31 10.4
III. THEORETICAL DETAILS
The band structure, Landau levels, LL’s, and Rashba
s-o splitting energy, ∆R were obtained from self-
consistent Hartree calculations based on an 8 × 8 k · p
band structure model including all second order terms in
the conduction and valence band blocks of the 8 × 8
Hamiltonian. In the calculations the inherent inver-
sion asymmetry of HgTe and Hg1−xCdxTe has been ne-
glected, because this effect has been shown to be very
small in narrow gap systems.15,16 The envelope func-
tion approximation was used to calculate the subbands of
the QW’s and the influence of the induced free carriers
has been included in a self-consistent Hartree calcula-
tion. The valence band offset between HgTe and CdTe
was taken to be 570 meV,13 and to vary linearly with
barrier composition.17 The band structure parameters of
HgTe and CdTe at 0 K employed in this investigation
are listed in Table I and the model is described in detail
elsewhere.3,4
The HgTe QW’s in this investigation have a well width
of 12.5 nm and consequently the band structure is in-
verted. In other words, the first conduction band in the
QW has heavy hole character, i.e., is a pure heavy hole
state at k = 0, and following standard nomenclature
is labeled H1. This has important consequences for the
large magnitude of the s-o splitting of theH1− andH1+
subbands.
IV. RESULTS AND DISCUSSION
Typical SdH oscillations are shown in Fig. 1 for sam-
ple A with a Hall concentration of 2.0 × 1012 cm−2
and a mobility of 9.5 × 104 cm2/Vs at 1.4 K. Oscilla-
tions can be resolved down to 0.8 T, indicating the excel-
lent quality of the sample. Fast Fourier transformation,
FFT, spectra of SdH oscillations are shown in Fig. 2(a)
at various temperatures for sample A. The 2DEG con-
centrations of the s-o split H1− and H1+ subbands,
are 0.80 and 1.06 × 1012 cm−2, respectively, which are
constant, within experimental uncertainties, for temper-
atures up to at least 35 K. The amplitudes of the two
peaks have similar temperature behavior which can be
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FIG. 1: SdH oscillations (solid curve) and calculated density
of states (dotted curve) for sample A. A linear background
has been subtracted from the experimental SdH results. Node
positions in the beating patterns are indicated with arrows.
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FIG. 2: (a) FFT of SdH oscillations of sample A for temper-
atures between 1.4 and 35 K. The vertical lines are merely
guides to the eye indicating the electron concentrations for
the H1− and H1+ subbands. (b) FFT of SdH oscillations of
sample B at 1.4 K.
described by18
A(T ) =
X
sinh(X)
(1)
where
X = 2pi2
kBT
h¯ωc
(2)
From the temperature dependence of the SdH oscilla-
tion amplitudes, the effective electron mass at the Fermi
level, mF, was deduced to be 0.044 ± 0.005 me and
0.050±0.005me for samples A and B, respectively, where
me is the free electron mass. These values are in good
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FIG. 3: SdH oscillations (solid curve) and calculated density
of states (dotted curve) for sample B. A linear background
has been subtracted from the experimental SdH results. Node
positions in the beating patterns are indicated with arrows.
agreement with calculated effective electron masses of
0.049 and 0.053 me, respectively.
Beating patterns in the SdH oscillations are observed
when B > 0.9 T. In the presence of significant broad-
ening of the LL’s, the amplitude of the beat frequency
will have a maximum in the vicinity of the intersection
of two LL’s. A node between two maxima will appear
where only one LL is present i.e., δ/h¯ωc = (N + 1/2)
with N = 0, 1, 2 . . ., where δ is the total spin splitting
and h¯ωc is the Landau level splitting.
19 The three ob-
servable quantum Hall plateaus directly below the node
at 5.35 T correspond to even filling factors, whereas the
three above correspond to odd filling factors. This node
is due to the crossing point at δ = 3/2h¯ωc.
Sample B has a higher electron concentration due to
deposition of an insulating layer and metallic gate elec-
trode which results in a different work function between
the semiconductor and surface. In Fig. 3 the vertical ar-
rows indicate the node positions of the SdH oscillations.
Total electron concentration from the FFT of 2.76 × 1012
cm−2 (nH1+ + nH1− + 2nE2), shown in Fig. 2(b) agrees
well with the value of 2.7 × 1012 cm−2 deduced from
the low magnetic field Hall coefficient. From the ratio
of the magnetic field strengths of all observed nodes, it
has been determined that the node at 4.25 T for sample
B corresponds to δ = 5/2h¯ωc. Up to 12 beating nodes
were observed in the magnetic field between 0.9 T and
the highest field of 7.0 T. The second conduction sub-
band, E2, is also occupied; however, the expected weak
splitting of this primarily s-like state of ≤ 0.2 meV was
less than the experimental resolution.
The total spin splitting energy, δ, deduced from the
node position in the beating patterns of the SdH oscilla-
tions is shown in Fig. 4 as a function of Landau splitting
energy, h¯ωc. When the LL’s from the H1 subband in-
R
R
FIG. 4: Total experimental (open symbols) spin splitting
energies and values calculated from the intersection of LL’s
(filled symbols) for samples A and B as a function of h¯ωc. The
numerically calculated Rashba s-o splitting energies at B = 0
(filled symbols), ∆R are indicated by horizonal arrows. The
lines are least square fits of the analysis of the self-consistently
calculated LL’s described in the text.
tersect at or near the chemical potential as shown for
sample A in Fig. 5, a maximum in the amplitude of the
beat frequency occurs. δ can be determined from the
intersection according to
E−ni = E
+
nf
(3)
(ni + 1/2)h¯ωc + δ = (nf + 1/2)h¯ωc (4)
δ = ∆n · h¯ωc (5)
The two crossing points in Fig. 5 correspond to a ∆n of
2 and 3. The change in Landau quantum number for all
pairs of LL’s which intersect at or near the chemical po-
tential is given by 1, 2, 3, 4, 5 . . .. Even though the LL’s
with ∆n = 1 do intersect, they do so further removed
from the chemical potential than the subsequent series of
LL pairs. In order to increase the number of theoretical
data points, the energy difference between appropriate
LL’s was employed when one LL was below the chemical
potential and the other above. These values are in excel-
lent agreement with those obtained from the intersection
of LL’s. A similar series of LL’s crossing points exist for
sample B, and the analysis of the LL’s in the vicinity of
the chemical potential described above also resulted in a
consistent set of data.
Values of δ obtained from the intersection of LL’s and
a least square fit all theoretical data for both samples are
plotted as a function of h¯ωc in Fig. 4 together with the
experimental results. Obviously theory and experiment
are in very good agreement with the exception of the B3/2
node in the amplitude of the beat frequency for sample
A, which corresponds to LL’s with small filling factors.
The calculated Rashba s-o splitting energies, ∆R, for
sample B are 31.5 and 29.1 meV for the in-plane k‖(0, 1)
4FIG. 5: Landau levels, LL’s, for sample A between B = 2.6
and 4.75 T near the chemical potential, which is reproduced
as a thick line. The nearly vertical lines are LL’s of the H1
conduction subband. The intersection of two LL’s from the
H1 conduction subband at the chemical potential are indi-
cated with a circle. The nearly horizontal lines are LL’s of
the E2 conduction subband.
and k‖(1, 1) vectors at the Fermi surface, respectively,
see Fig. 6. Similarly the values for sample A are 27.5 and
25.4 meV, respectively. ∆R values averaged over k‖ space
of 26.5 and 30.4 meV for samples A and B are in good
agreement with the experimentally determined total s-o
splitting energies of 26± 1 and 30± 1 meV, respectively.
The experimental splitting is due to the Rashba s-o ef-
fect, which results in the large population difference of
14 and 14.7 % for samples A and B, respectively, shown
in the FFT spectra in Fig. 2.
The Rashba s-o splitting energy of up to 30 meV in
these HgTe QW’s is almost one order of magnitude larger
than the previously reported values in III-V materials.
This is due to the unique band structure of the HgTe sys-
tem and in particular the inverted band structure. This
value is also larger than previously reported values by
Schultz et al. 10 and Zhang et al.3 for HgTe based QW’s.
This is mainly due to a larger 2DEG concentration in the
H1 subband in the present QW’s and the larger structure
inversion asymmetry.
In order to compare the results of our self-consistent
Hartree calculations with the measured longitudinal re-
sistance, we have employed the following relationship to
calculate the density of states, DOS, from the Landau
level structure in the lowest order cumulant approxima-
tion according to Gerhardts;20
D(ε±n ) =
1
2piλ2c
∑
n±
[pi
2
Γ2n
]−1/2
exp
[
−2
(EF − ε
±
n )
2
Γ2n
]
(6)
FIG. 6: Calculated spin splitting energy of the H1 subbands
for sample B. The k vector for the H1− and H1+ subbands
at the Fermi surface are indicated by vertical lines.
Here ε±n are the Landau level energies which are the result
of our self-consistent Hartree calculations. λc =
√
h¯/eB
is the usual magnetic length, and Γn is the Landau level
broadening and assumed to be a constant.
The experimental SdH oscillations and the numerical
simulations of the DOS by means of Eq. 6 for sample
A and B are reproduced in Figs. 1 and 3, respectively.
The calculated Fermi energy was modified less than 1 %
in order to align the SdH oscillations. The best fit was
obtained using Γ = 2.8 meV for sample A, and Γ =
2.5 meV for sample B.
V. CONCLUSIONS
In conclusion, the beating patterns in the SdH oscil-
lations of modulation doped HgTe/Hg0.3Cd0.7Te QW’s
have been analyzed. The s-o splitting energy which has
been directly determined from the node positions to be
as high as 30 meV, is almost one magnitude higher than
that in InGaAs heterostructures with similar carrier den-
sities. Self-consistent Hartree calculations based on an
8 × 8 k ·p Hamiltonian have demonstrated that the ex-
perimental zero field splitting energies are due to Rashba
s-o splitting. Furthermore good agreement between ex-
perimental SdH oscillations and calculated DOS is evi-
dence that the Rashba term is the dominant mechanism
of giant s-o splitting in HgTe QW’s with an inverted
band structure. This large ∆R in HgTe QW’s with an
inverted band structure is caused by its narrow gap, the
large spin-orbit gap between the bulk valence bands Γv8
and Γv7 and the heavy hole character of the first conduc-
tion subband. Furthermore, our calculations show that
the method of directly deducing s-o splitting from node
positions in SdH oscillations, is applicable even for a sys-
5tem with a strongly nonparabolic band structure.
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